The design, fabrication, and characterization of heterojunction photodiodes for room temperature operation in the mid-infrared ͑3-5 m͒ spectral range is described. Devices appropriate for carbon dioxide detection have been developed and studied. The authors report on the improvements obtained by increasing buffer layer thickness and also by using a blocking barrier to reduce leakage current. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2337995͔
There are many applications in industrial and environmental monitoring of trace gases and vapors, which could benefit from the provision of uncooled mid-infrared photodetectors and focal plane arrays. For example, detection of methane and hydrocarbons in mines and on oil rigs and monitoring of CO and CO 2 in car exhausts and in heating and ventilation applications all require efficient and inexpensive photodetectors. High speed, sensitive mid-infrared detectors are also required for remote sensing employing semiconductor based lasers, to enable free space optical communications with high security, and also for the monitoring of biomedical analytes. Meanwhile, limitations on payload, space, and prime power on aircraft put a premium on lightweight, compact, power-efficient sensor systems and compact imaging sensors need smaller, lighter, and lower cost focal plane arrays. There are currently no high efficiency mid-infrared photodiodes which operate in the 3 -5 m atmospheric spectral window at room temperature and which can easily meet these needs. It is therefore necessary to develop efficient and reliable mid-infrared photodetectors that can work at room temperature. Recently several different approaches have emerged to address this problem based on quantum nanostructures including; InGaAs/ InAlAs quantum well intersubband photodetectors ͑QWIPs͒, 1 InAs/ GaSb strained layer superlattices ͑SLSs͒, 2 and structures based on quantum dots ͑QDs͒ or quantum dots in a quantum well. Using sufficiently high band offsets QWIPs can achieve midinfrared wavelength operation near room temperature, but cannot receive radiation at normal incidence. QD detectors overcome this problem, but require high dot density to obtain sufficient photon absorption. Each of these structures requires careful epitaxial growth, sometimes requiring precise control of many layers, and is likely to result in devices which are expensive to manufacture. In this work we report on a simpler approach based on a specially optimized InAsSb/ InAsSbP heterostructure photodiode grown by liquid phase epitaxy ͑LPE͒.
Liquid phase epitaxy is an attractive option for the development of practical mid-infrared photodetectors. The technology is inexpensive and can yield high-quality material with excellent quantum efficiency since growth occurs near thermodynamic equilibrium. In many cases the results obtained using bulk heterostructures are often better than some of the emerging quantum nanostructures which are under development. By using the InAsSbP / InAs system it is possible to fabricate heterostructure p-i-n diodes, employing InAsSbP as a wide gap window to improve transparency. Using this approach in previous work for 3.3 m, 3 we obtained a spectral detectivity ͑D * ͒ of 1 ϫ 10 10 cm Hz 1/2 W −1 . The longer wavelengths can be accessed from the InAs substrate using stepped buffer layers to accommodate the lattice mismatch. Previously we obtained good sensitivity in the 4.6 m spectral range using an intermediate composition InAs 0.94 Sb 0.06 buffer layer. 4 In the present work we report on the improvements obtained by ͑a͒ increasing buffer layer thickness and ͑b͒ using a blocking barrier to reduce leakage current.
The p-i-n photodiode structure used in our investigation is shown schematically in Fig. 1 . All the epitaxial layers were grown by LPE at ϳ552°C using a conventional horizontal sliding graphite boat in an ultrapure hydrogen atmosphere. Zn-doped ͑100͒ p-type InAs substrates were used with a carrier concentration of 2 ϫ 10 18 cm −3 . The precursors for the growth melts were undoped polycrystalline InAs, InSb, InP, and 7N's pure indium metal. The p-type InAs 0.55 Sb 0.15 P 0.30 was doped to 4 ϫ 10 18 cm −3 with Zn, whereas the n-type InAs 0.55 Sb 0.13 P 0.30 layer was unintentionally doped and had a residual carrier concentration of 1 ϫ 10 17 cm −3 . In order to remove impurities from the InAs 0.89 Sb 0.11 active region, this melt was baked out for 20 h at 750°C before the other melts were loaded into the boat. Then, to purify it still further, 0.002 mol % Gd was added to the active region melt to act as an impurity gettering agent during subsequent epitaxy. Hall measurements revealed that this procedure reduced the residual carrier concentration in the active region to Ͻ2 ϫ 10 16 cm −3 . The resulting epitaxial p-i-n structures were processed into 1 mm diameter mesa- etched photodiodes using conventional photolithography and processing techniques. Ohmic contacts were formed by thermal evaporation of Au to provide Ohmic dot contacts, and finally, the chips were mounted onto T0-46 headers for testing. No attempt was made to passivate the surfaces or include an antireflection coating at this stage of our work, and all subsequent results refer to uncoated unpassivated detectors. The detectivity D * and spectral response were measured using a chopping frequency of 180 Hz and a blackbody temperature of 1100 K. The recorded spectrum was corrected for system response using a Heimann LHi-807-G11 pyroelectric detector with a flat response.
A typical corrected spectral response measured from one of the detectors at 300 K is shown in Fig. 2 , where the peak responsivity is obtained near 4 m. The atmospheric absorption at 4.2 m from residual CO 2 in the optical path is clearly evident. The response extending towards short wavelengths is due to absorption in the quaternary window layer.
Lattice mismatch in heterostructure devices generates threading dislocations, which need to be controlled if the active region is to have good quantum efficiency. We investigated the effect of the buffer layer thickness on the etch pit density ͑EPD͒ in the various layers of the device structure. As shown in Fig. 3 , increasing the buffer layer thickness reduced the dislocation density by one order of magnitude. Region A is the entanglement region which corresponds to the highest dislocation densities obtained close to the buffer/ substrate interface. These dislocations have Burgers vectors parallel to the interface between the substrate and the buffer layer. With increasing thickness of the buffer layer, the EPD scaled as 1 / d ͑see inset͒ in good agreement with previous works. 5, 6 The observed 1 / d dependence can be understood from a binary recombination law. The probability that two threading dislocations meet during growth in order to annihilate is proportional to 2 , where is the density of threading ends. If D͑x͒ is the number of threading dislocations per unit area, the rate at which dislocations disappear by recombination will then be proportional to the square of their concentration, so we can write
where a is a constant and has the dimensions of length. Integration yields
where D͑0͒ is the primary threading dislocation density, and where the asymptotic limit refers to the situation sufficiently far from the interface that the majority of dislocations have recombined. The physical mechanisms responsible for threading dislocation reduction in region B are reactions between them that lead to either annihilation of threading segments with antiparallel Burgers vectors or reactions in which two threading dislocations combine to form one ͑referred to as fusion reactions͒. These reactions are only possible if the threading dislocations have a minimum separation distance smaller than a physically prescribed interaction distance referred to as the annihilation radius r A or the fusion radius r F . 7, 8 By increasing the buffer layer thickness d, the threading dislocations are inclined and their intersection point with the free surface moves. Thus, without glide, there is effective lateral motion of the threading dislocations such that they fall within an annihilation or fusion radius of one to another. We found that by using a 9 m thick buffer layer it was possible to reach the saturation region C and reduce the EPD back to the level in the InAs substrate. Over the range of buffer layer thickness from 1 to 9 m, the R 0 A increased by a factor of ϳ2, with a corresponding decrease in the dark current. In addition, there was a corresponding improvement in the responsivity of 2.7 times giving an increase of approximately four times in the D * . An investigation of the leakage current in these detectors revealed that the R 0 A was dominated by generationrecombination current at low temperature, and by diffusion current at room temperature as shown in Fig. 4 . The source of the diffusion current was found to originate from electron generation within the wide gap InAsSbP layer. By following the work of Ashley et al. 9 and progressively reducing the thickness of this layer, it was possible to realize a thin ͑Ͻ250 nm͒ blocking barrier and reduce the contribution to diffusion current generated in this layer. The InAsSbP layer also serves as an effective barrier to prevent leakage into the active region from the buffer layer beneath it. Overall this increased the R 0 A by a factor of 16 and gave a corresponding increase of four times in D * . By combining the improvement in active layer quality from the thicker buffer layer mentioned above with that from the blocking barrier, we achieved a peak D * of 3.5ϫ 10 9 cm Hz 1/2 W −1 for mesaetched detectors with a 1 mm diameter active area operating at 4 m.
In summary, we have demonstrated that using LPE growth efficient uncooled photodetectors for the midinfrared spectral range can be fabricated. The performance depends on the control of threading dislocations and minimization of the diffusion current as well as the reduction of residual impurity concentration in the active region. We have previously reported high-quality lattice matched InAs 0.91 Sb 0.09 epilayers grown by LPE from Sb-rich melts onto lattice matched GaSb substrates with efficient photoluminescence and good electrical transport properties. 10 Although growth from Sb solution onto GaSb avoids the problem of substrate erosion during epilayer nucleation, the associated thermodynamics restricts the epitaxy to a relatively narrow range of experimental growth conditions. So far we have obtained superior detector performance from InAsSb p-i-n photodiodes fabricated on InAs substrates using a stepped buffer layer. Further improvements in D * could readily be obtained from smaller devices, since leakage current scales with area. However, for sensor applications which require a large area photovoltaic detector with a large field of view, the present work represents a useful result. 
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